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Introduction. -A versatile way to stabilise colloidal suspensions is to coat them with a polymer layer. The coating can be done either by adsorbing the polymer or by grafting the chains by their end points [1] . The grafting procedure is very efficient and leads to a strong steric repulsive force between the colloidal particles; nevertheless it turns out rather difficult to build grafted polymer layers in a controlled way [2] , [3] . The adsorption procedure is much easier but the force between particles induced by the polymer layers results from a subtle balance between two competing interactions [4] - [6] . When the adsorption is performed from a good solvent for the polymer, there is an osmotic excluded-volume interaction between the polymer chains adsorbed on different colloidal particles which is repulsive. However, long polymer chains can adsorb on the surfaces of different particles and form bridges. The bridging interaction is always attractive. Colloidal stabilisation is only achieved if the osmotic interaction is stronger than the bridging interaction.
The interaction between adsorbed polymer layers also strongly depends on the reversibility of the adsorption. When the polymer is irreversibly adsorbed, the total amount of polymer trapped between the interacting surfaces is fixed. If the surfaces are saturated with polymer, bridging is small at large distances and the total interaction is repulsive and leads to colloidal stabilisation. The amount of bridging can be increased by starving the surfaces, i.e. by not letting the polymer adsorb until saturation. The interaction is then attractive at large distances, it has a minimum at a finite distance and it is repulsive at short distances [7] .
If the adsorption is reversible, the adsorbed polymer is in chemical equilibrium with the free bulk polymer in the solution. The amount of polymer trapped between the two interacting surfaces decreases as the particles come closer. The classical mean-field theory of polymer adsorption based on a so-called ground-state dominance approximation predicts an attractive force in this case. This prediction is confirmed both by numerical solutions of the full mean-field equations using the method of Scheutjens and Fleer [5] and by de Gennes scaling theory [4] .
The ground-state dominance approximation does not correctly account for the internal structure of adsorbed polymer layers where tail and loop segments must be distinguished and play different roles. The inner part of the adsorbed layer is dominated by loops which are chain segments folding back to the adsorbing surface and the outer part by tails which are chain segments ending at the end monomers of the chain [5] , [8] . Recently we have introduced an improved mean-field theory of polymer adsorption [9] using two order parameters associated to tails and loops, respectively, which describes more accurately the structure of adsorbed polymer layers. The purpose of this paper is to revisit the interactions between reversibly adsorbed polymer layers within the framework of this new approach. We show that the force is non-monotonic, it is attractive at short distances when the polymers form mostly loops on the surfaces and it is repulsive at large distances where the tails play a dominant role. It thus shows a maximum at a distance between interacting surfaces of the order of the crossover size between the loops and tails regions.
The paper is organized as follows. In the next section we discuss the polymer concentration profile and the equilibrium free energy of a polymer solution adsorbed between two parallel surfaces. The force between surfaces is studied in the third section and the last section gives some concluding remarks.
Concentration profile and free energy. -We consider here a polymer solution in a slab between two parallel flat plates separated by a distance 2h. The solution is in equilibrium with a bulk solution of concentration c b that acts as a reservoir and imposes the chemical potential.
In the mean-field theory of polymer adsorption introduced in ref. [9] the conformation of the polymer chains (each comprising N monomers) is described by two order parameters: ψ related to the partition function of adsorbed chains touching one of the surfaces and ϕ related to the partition function of free chains, which do not touch any of the surfaces. The total monomer concentration is then written as
, where B is a constant eventually depending on h. The first term accounts for the contribution of the loops on the two surfaces and of the bridges between the two surfaces and the second contribution accounts for the tails starting from either adsorbing surface. The two order parameters satisfy the following equations that can be directly derived from the Edwards equation for the propagator of a polymer chain in a mean-field model [10] :
We have chosen here a unit length a/6 1/2 , where a is the monomer size. If the excluded-volume parameter is v (> 0 in a good solvent), the mean-field potential seen by a monomer at position
The effective binding energy per monomer of the adsorbed chains is . In the following we always assume that the distance between plates is smaller than twice the thickness of an adsorbed layer on an isolated plate (λ −1/2 ) so that the binding energy is negligible with respect to the molecular potential U (z). An implicit assumption of eq. (2) is that the distance from the adsorbing surfaces is smaller than the Gaussian radius of gyration of the chains, this is always the case when h < λ. The boundary conditions on the adsorbing surfaces are the same as for one adsorbing surface ϕ = 0, Close to the adsorbing surface the concentration profile is dominated by the short loops and c(z) = 2/(z + d) 2 , the adsorbed polymer amount is then vΓ = 2/d up to corrections that remain small when both l and h are large. If the distance between plates is large, h > l(h), the length l is the same as for the adsorption on a single plate z
The correction due to the finite size of the gap h is small in the limit where h z * and can be ignored. In the limit where the size of the gap is small, h z
The difference between l(h) and z * can also be ignored when z * h d. In the following we therefore use with a good accuracy the approximation l(h) = z * . In the general case, for finite values of h the polymer concentration profile can only be obtained by a numerical solution of eqs. (1), (2) . For a bulk dilute solution, a scaling analysis shows, however, that the concentration at the midplane is proportional to 1/h 2 . The order parameter ψ(h) at the midplane is of order 1/h if h z * and of order z * 3 /h 4 if h z * . We now calculate the free energy of the polymer in the gap between the two plates. The free energy of Γ polymer chains per unit area in a fixed external potential U (z) is F = Γ µ − (kT Γ /N), where µ is the chemical potential of the monomers and where the second term is the ideal-gas contribution. For the adsorbed polymer at thermodynamic equilibrium, the chemical potential is imposed by the bulk solution; the mean-field potential is the sum of the excluded-volume and of the surface interactions. In the free energy with an external mean-field potential, the excluded-volume interactions are counted twice [11] . The free energy of half of the adsorbed polymer layer (between 0 and h) can thus be written as
2 dz. The relevant thermodynamic potential, at fixed chemical potential, is the grand canonical free energy Ω. Taking the bulk as the reference state, this potential is written as
where . As usual, the grand canonical free energy is the negative of the pressure (here the surface pressure).
Making use of eq. (1) for the order parameter ψ and performing an integration by parts, the free energy can be written as
where c s = c(0) is the value of the concentration on the adsorbing surface. The free energy has the following contributions: a surface contribution, −c s /d, due to the short-range attraction of the monomers, a bulk contribution due to excluded-volume interactions (first term in the square brackets), a contribution due to the concentration gradient which is a functional of the two order parameters ψ and ϕ (the last two terms in the square brackets). The term −c e in the square brackets represents the effect of free ends. It can be shown that the remaining term, c, is negligible for what follows.
It is important to notice that the Euler-Lagrange equations for the minimisation of this functional (c s and being kept constant) coincide with eq. (2) ( 1 ). As a result one can derive a first integral of the order parameter equations
where f 0 (h) is a constant independent of z. The free energy is a function of the chemical potential of the bulk solution via the effective binding energy . In the limit where the distance between the two plates is smaller than the thickness λ of a single adsorbed layer the term proportional to can be ignored in the free energy.
Force between adsorbed polymer layers. -Having studied the concentration profile and the thermodynamics of the polymer solution confined between two parallel plates, we can now discuss the interaction between the plates induced by the polymer. The equilibrium force between the two surfaces is f = − dΩ dh . It can be calculated directly by looking for the small change in the free energy given by eq. (4) when the distance between plates is changed from h to h + dh. We find
We have here neglected corrections proportional to ∼ 1/N, B ∼ 1/N , which are small in all cases considered below where the distance between plates is smaller than the Gaussian radius of gyration of the chains (more precisely h λ). We now calculate explicitly the interaction force in a few simple limits. If the distance between plates is small (h z * and h ξ b , where ξ b is the correlation length of the bulk solution), the tails do not play any role and, as in the ground-state dominance approximation, only the order parameter ψ needs to be considered. In this limit, the concentration profile can be explicitly calculated and expressed in terms of Jacobi elliptic functions [12] , [4] . The concentration at the midplane is vc(
854. At very small distances, the force is attractive,
In the opposite limit, where h is larger than both z * and the bulk correlation length
is small in the central region h > z z * , ξ b and the concentration profile can also be calculated explicitly:
( 1 ) A more complete study of the free energy and of the derivation of the force will be presented in a forthcoming publication. For the purpose of this letter, the following approximations are sufficient. The force, in this case, is calculated either by a direct estimation of the free energy or by using the general formula (6) . The dominant contribution is due to the concentration of end points; it is repulsive,
If the bulk solution is semi-dilute, the force has thus a non-monotonic variation with the distance h, it is attractive and increasing at short distances and it is repulsive at large distances. When the bulk solution is dilute, z correctly and consider only loops, they thus predict an attraction in agreement with our result at short distances. Our results have been obtained only at the mean-field level but we expect them to remain qualitatively correct when the excluded-volume correlations are taken into account: for a polymer in a good solvent, we also expect a repulsive equilibrium force at large distances. The Scheutjens-Fleer theory properly accounts for the tails but, as shown recently [13] , the numbers of monomers used are always such that the size of the adsorbed layer is of the order of the crossover length z * . We have checked that in this starved regime there still exists a repulsive force but it decays exponentially with distance and may be too small to be observed. A detailed discussion of the free energy in all the concentration regimes will be published separately.
Most of the direct experimental measurements between adsorbed polymer layers show a repulsive force [6] . It is in general attributed to an irreversible adsorption. (Our mean-field theory leads to a repulsive interaction in all cases when the adsorbed polymer amount is irreversibly fixed at the saturation value.) It would be interesting to check whether in a case of reversible adsorption (for weaker interactions or at a liquid interface) a repulsive force is observed and whether it is large enough to play a significant role in colloid stabilisation. ***
